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ABSTRACT 
 
Assessment and prediction of the impact of vehicular traffic emissions on air quality 
and exposure levels requires knowledge of vehicle emission factors. The aim of this 
study was quantification of emission factors from an on road, over twelve months 
measurement program conducted at two sites in Brisbane: 1) freeway type (free 
flowing traffic at about 100 km/h, fleet dominated by small passenger cars - Tora St); 
and 2) urban busy road with stop/start traffic mode, fleet comprising a significant 
fraction of heavy duty vehicles - Ipswich Rd. A physical model linking 
concentrations measured at the road for specific meteorological conditions with 
motor vehicle emission factors was applied for data analyses. The focus of the study 
was on submicrometer particles; however the measurements also included 
supermicrometer particles, PM2.5, carbon monoxide, sulfur dioxide, oxides of 
nitrogen. The results of the study are summarised in this paper. In particular, the 
emission factors for submicrometer particles were 6.08 x 1013 and 5.15 x 1013 
particles per vehicle-1 km-1 for Tora St and Ipswich Rd respectively and for 
supermicrometer particles for Tora St, 1.48 x 109 particles per vehicle-1 km-1. 
Emission factors of diesel vehicles at both sites were about an order of magnitude 
higher than emissions from gasoline powered vehicles. For submicrometer particles 
and gasoline vehicles the emission factors were 6.08 x 1013 and 4.34 x 1013 particles 
per vehicle-1 km-1 for Tora St and Ipswich Rd, respectively, and for diesel vehicles 
were 5.35 x 1014 and 2.03 x 1014 particles per vehicle-1 km-1 for Tora St and Ipswich 
Rd, respectively. For supermicrometer particles at Tora St the emission factors were 
2.59 x 109 and 1.53 x 1012 particles per vehicle-1 km-1, for gasoline and diesel 
vehicles, respectively. 
Keywords: Vehicle emissions, emission factors, submicrometer particles, 
supermicrometer particles, road measurements  
 
 
INTRODUCTION 
 
It has been well established that emissions from motor vehicles constitute one of the 
most significant contributor to ambient air pollution in most urban environments, and 
that they are associated with various health effects to the exposed population. 
Assessment and prediction of vehicle impact on air quality and on human exposure 
levels requires knowledge of vehicle emission factors. These depend on vehicle 
characteristics (eg. type of engine, vehicle mileage, maintenance, etc), fuel used and 
driving conditions (driving mode, vehicle load, etc). Assessment of vehicle emission 
factors is the first step towards predictive modelling of the likely environmental and 
health impacts of different transport measures and proposals. 
 The two main types of experimental methods for estimation of motor vehicle 
emission factors include: (i) direct measurements of pollutant emissions from vehicles 
placed on a dynamometer and run through a certain driving cycle, and (ii) indirect 
estimation through measurements of pollutant concentrations in the close vicinity to a 
road link.  
Both these methods have advantages and limitations. In particular, the first method 
provides emission factors of a relatively small number of vehicles, but for very well 
controlled conditions. The conditions, however, may not be representative for vehicles 
on a road and the database of emission factors obtained this way would normally be 
insufficient for meaningful predictions of the entire vehicle fleet emission inventory. 
For example [Milan – two or three lines on recent examples from literature; include 
type and number of vehicles investigated].The second method does not enable control 
of any conditions (neither meteorological nor traffic conditions), however, its big 
advantage is that it provides emission factors of the whole motor vehicle fleet on this 
road link, and thus for real world conditions. [Milan – literature references]. A non 
trivial question, which needs to be addressed when using this method is, how to derive 
vehicle emission factors from the measured concentrations of pollutants taking into 
account that the concentrations are also affected by meteorological conditions and 
other factors such as the topography of the site.   
Of practical interest is how the results obtained using each of the two methods 
compare for a particular vehicle fleet. Such comparative studies have not been, 
however, conducted so far [Milan – check].      
The aim of this work was to apply an indirect method of quantification of vehicle 
emission factors from a comprehensive set of on road measurements, to explore its 
potentials and limitations using advanced statistical analysis, and to compare the 
results with the results obtained through dynamometer studies conducted for vehicles 
belonging to the same vehicle fleet. 
The main focus of the research was on particulate matter emissions in terms of 
particle numbers in submicrometer and supermicrometer size ranges.  Motor vehicle 
emissions are one of the most important emission sources of submicrometer particles, 
since in terms of size, most particles emitted by vehicles, are in this size range. Yet, 
the relative contribution of motor vehicles to air pollution has not been quantified for 
submicrometer particles.  
 
EXPERIMENTAL 
Two monitoring sites (Tora St and Ipswich Rd) and one reference site (AMRS) 
were selected for the measurement program. Continuous measurements of particle 
characteristics at each of the two monitoring sites were conducted over three months 
at each site. Traffic data in terms of total vehicle flow for the two sites for the entire 
monitoring period was obtained from Queensland Transport [Milan – QT or Main 
Roads?]. In addition, traffic was also videotaped for a number of days at each site to 
enable vehicle speciation. Particle concentration data and traffic data were used as 
input parameters for the Box Model, which was employed to calculate vehicle 
emission factors. 
 
Description of measurement sites 
The monitoring site at Tora St, represents typical freeway traffic conditions with the 
majority of vehicles travelling in a free flowing traffic mode at a steady speed of 
approximately 100 km h-1. The road is flat in this area and the freeway consists of four 
lanes, with two lanes in each direction. Due to the distance from the city of 
approximately 10 km it was assumed that by the time vehicles reach this location, 
vehicle engines operate in a steady temperature mode. The topography of the site 
could be characterised as a semi-open, street canyon type as the road was cut through 
rock formation with the height of the walls about 5 m. The measurements at this site 
was conducted with the instrumentation located a bridge over the road [Milan – add a 
bit more of description].  
The second site at Ipswich Rd represents typical urban city type traffic conditions 
with the majority of vehicles travelling in a stop-start mode between two sets of traffic 
lights for pedestrian crossings. The road is flat in this area and the topography of the 
site could be characterised as an urban canyon street type as the road passes between 
buildings of height of about five levels. The road consists of six lanes, with three lanes 
in each direction carrying traffic at the maximum speed of 60 km h-1. The 
instrumentation was located at a pedestrian overpass of clearance of 5.3 m above the 
road, situated 20 m from the traffic lights on both sides [Milan – is this correct?]  
The reference site was the Air Monitoring and Research Station (AMRS) operating 
at the Queensland University of Technology Gardens Point Campus and being part of 
the South East Queensland Monitoring Network (Morawska et al 1998b). At this site 
particle and gaseous concentrations have been monitored on a continuous basis since 
1995. The reference site was not in the immediate proximity of the sampling sites, but 
at a distance of about 10 km. While ideally these two sites should have been close by, 
with the reference site located upwind from the monitoring site, it would have been 
impossible within the scope of the project to duplicate the existing, continuously 
monitoring reference site, equipped with the advanced instrumentation for particle 
monitoring. It would have been also impossible to keep relocating this site in relation 
to the monitoring site in response to changing wind direction to maintain its upwind 
orientation.   Extensive tests were conducted to establish the relationship between 
background measurements provided by the AMRS and measured upwind from the 
sampling sites at the road. 
 
Particle Measurements 
The monitoring instrumentation was located in an air-conditioned cabinet located 
on a bridge across the traffic routes with negligible local vehicle traffic on the bridge 
for Tora St and only pedestrian traffic on the bridge over Ipswich Rd. The following 
instrumentation was used for the measurement of particles number measurements:  
 Two Scanning Mobility Particle Sizers (SMPS), each consisting of the 
Electrostatic Classifiers (EC TSI model 3071A) and condensation particle 
counters (CPC TSI models 3010 and 3022) for the measurement of particle 
number concentrations and size distributions in the size range 0.017 – 0.890 μm 
(termed submicrometer particles in this paper) with a time resolution of 5 
minutes.  
 Aerodynamic Particle Sizer (APS) (TSI Model 3320) for the measurement of 
particle number concentrations and size distributions in the size range 0.7 – 20 
μm (termed supermicrometer particles in this paper)  
 
The measurements of submicrometer and supermicrometer particle concentrations and 
size distributions were collected for the two on-road sites during a monitoring 
program conducted from September 98 to October 99. Figure 1 presents the times and 
parameters monitored at each location [LIDIA add figure 1] Both the SMPS and APS 
instruments were set up for continuously repeating scans of particle size distributions 
in five minute time intervals.  
Simultaneous data for submicrometer particle concentrations and size distributions 
were collected during the entire monitoring period at the reference site (AMRS). The 
instrumentation used at the AMRS included: [Milan – add model numbers] 
 
The instruments were calibrated prior to the measurements, and the results were 
corrected for particle losses in the sampling lines. LIDIA: Add words of calibration 
and also intercomparison for particle number 
 
Monitoring of meteorological parameters 
A portable weather station (Davis Instruments’ Weather Monitor II) was used to 
monitor local meteorological parameters including horizontal wind direction and 
velocity at the two road sites during measurements of pollutant concentration. 
Continuous monitoring of wind characteristics as well as temperature and humidity 
was conducted at the AMRS. 
 
Monitoring of traffic volume fleet composition  
Data on traffic flow rate was obtained from Queensland Transport [Milan?] for 
each site for the times when measurements at the sites were conducted.  
Traffic speciation data was also collected at intermittent intervals for four days at 
Tora St and Ipswich Rd. This was done by video taping traffic at the sites and then 
analysing the tapes to obtain information on selected vehicle categories.  
 
Data preparation 
Each set of measured data including particle, traffic and meteorological 
characteristics was preliminary screened for their validity and completeness.  
Screening involved assessment of data normality, type of the distribution (particle 
concentration) and identification of outliers, using boxplot and non-parametric 
methods. Collected data was exported into an Access database for easy manipulation, 
retrieval and processing. Only subsets containing complete set of data were used for 
calculation of the emission factors. 
 
BOX MODEL 
A model (called Box Model) based on a mass/number balance equation developed, 
calibrated and validated (Jamriska and Morawska, 2000) to estimate the emission 
factors of a car fleet for on-road conditions was used in this work. Parameters required 
as input to the model are: 1) time series of targeted pollutant concentration on the road 
as well as background concentrations; 2) wind direction and velocity; and 3) traffic 
flowrate.  An output of the model is pollutant emission per vehicle per kilometre. The 
average emission factor is calculated as: 
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Where: CB(t) - particle concentration at the road [particle m-3, or mg m-3]; C0(t) - 
particle background concentration [particle m-3, or mg m-3]; H – height of box (semi-
empirical model parameter, which was identified to be [Milan add]) [m]; W – width of 
box (usually the width of the road) [m]; vz - normal component of vertical wind 
velocity [m s-1]; vx - normal component of horizontal  wind velocity [m s-1]; N(t) - 
traffic flowrate [car s-1]; EFAV - average emission factor [particles km-1car-1; or mg 
km-1.car-1].  
The Box Model represents a simplified approach to determination of pollutant 
concentration inside an imaginary enclosure encompassing an investigated segment of 
a road (Jamriska and Morawska, 2000). Contrary to the other models, it does not 
require as input, concentrations of a pollutant measured at different heights, but a 
concentration value measured at one height only. It is very important for long term 
monitoring programs, when it is usually impossible to set up a number of monitors for 
each pollutant at different heights, and a common practice is to have only one monitor 
available for each pollutant. On the other hand, the accuracy is lower than achieved by 
more complex methods, using a number of monitors for each pollutant. Due to their 
complexity and costs, such programs are usually not conducted for longer periods of 
time, but as short intensive campaigns, for accurate representation of the emissions for 
the conditions prevailing during the measurements.  
RESULTS AND DISCUSSION 
Background assessment 
The effect of local sources on the AMRS concentrations 
The reference site, the AMRS, from which the data were used as background for the two monitoring 
sites, is located at 6th floor of a building, which situated approximately 150 m away from a freeway. 
Although the distance and vertical elevation were relatively large, thus decreasing the effect the 
freeway, the reference data could under certain conditions (W and S-W winds blowing from the 
freeway towards the AMRS) be affected by the freeway and thus a quantification of the effect was 
required. The effect was investigated and quantified in a week long intensive measuring campaign in 
which concentration levels of particles were measured simultaneously upwind and downwind from the 
freeway. A second sampling site (South Bank), in addition to the AMRS, was set-up approximately 350 
m away from the freeway and on its other to AMRS site. Due to its topography and the distance from 
the freeway the site was considered as unaffected by the freeway traffic emissions. Data analyses 
showed that for the W and S-W wind conditions the AMRS concentration levels are affected by the 
emissions from South East Freeway and a correction factor (2.45±0.57) was derived and applied to the 
reference to eliminate the affect. For the NE wind conditions (AMRS upwind from the SEF emissions) 
the effect of local traffic on the measured data was negligible.  
Assessment of the relationship between data measured at the monitoring sites and the reference site  
 
Calculation of the emission factors requires characteristics of the concentration levels measured 
upwind and downwind of tested sites (roads). In this study the downwind (background) data was 
substituted with data measured at the AMRS (reference site), assuming that these are closely correlated 
and the relationship can be quantified. The validity of this assumption and quantification of the 
relationship was achieved by comparing the reference and test data obtained for no traffic conditions at 
the test sites observed during the night time between 1:00 am and 4:00 am. The correlation was 
assessed using nonparametric Spearman rank correlation test, indicating significant correlation at the 
0.01 level between AMRS and Tora St (Spearman’s rho=0.424; n=577) and AMRS and PAH 
(Spearman’s rho=0.481; n=639) test sites.  
 
In addition parallel measurements at the reference site (AMRS) and a residential area approximately 
1 km away from the Tora Street, representing the background conditions were conducted. The ratio 
between particle concentration levels measured at the AMRS at QUT (for NE wind conditions) and the 
background levels was 1.02 ± 0.35 (n=88).  Milan: duration of the study and time of the day 
 
Milan – we need to do it also for Ipswich Road 
 
Median emission factors for the whole traffic fleet 
As explained earlier, the average emission factor (EFAV) is a useful representative 
value if the distribution of the EF are symmetrical. If not, then the median emission 
factor may be more appropriate. Visual inspection of the plot generated [STEVE – 
plot of what? Could this sound more scientific?] revealed the data were not 
symmetrical so as a result, median values are used here to describe the distribution of 
the calculated EFs. The Box Model was subsequently employed to calculate the 
submicrometer particle number median emission factor (EFMED) and the interquartile 
ranges (IQR) for the two measurement sites for the entire datasets and under varying 
time constraints (see Figure 2). The various time constraints were expected to reflect 
different driving modes (eg., stop-start and free flowing) and different vehicle types 
(eg., a greater proportion of diesel vehicles travel at night). Comparison between the 
EF calculated for the two sites was also expected to provide information that may also 
be related to the driving mode. For example, traffic at Tora St is mostly free flowing, 
while traffic at Ipswich Rd is mostly stop-start. 
The Box Model was also applied for the calculation of supermicrometer particle 
number EFMED and IQR for Tora St site for the entire datasets and under varying time 
constraints (see Figure 3).  STEVE: Add comment that the concentrations of 
supermicrometer particles at Ipswich Rd was too low for calculations . 
Figure 2 Median emission factors* for submicrometer particles determined for  
different time intervals for Tora St and Ipswich Rd monitoring sites. WD – weekday, 
and WE – weekend. 
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* 25th and 75th percentile ranges indicated by Y-axis error bars. 
 
 
 
 
Figure 3 Median emission factors* for supermicrometer particles determined 
for Tora St monitoring site. WD – weekday, and WE – weekend. 
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* 25th and 75th percentile ranges indicated by Y-axis error bars. 
 
 By measurement of a limited number of parameters at the Tora St overpass of the 
Pacific Motorway the model was therefore able to provide an estimation of the 
EFMED, for the entire vehicle fleet travelling along the Motorway at this location. For 
example the EFMED for submicrometer particles estimated for the entire vehicle fleet 
was 1.33 x 1014 particles vehicle-1 km-1. The majority of the vehicles on the Motorway 
at this location travel at speeds of the order of 100 km h-1. For comparison, from the 
measurements conducted at Ipswich Rd, the EFMED was estimated as 5.15 x 1013 
particles vehicle-1 km-1. The majority of vehicles on Ipswich Rd at this location travel 
at low speed and are stop-start. The difference in the EF for both sites illustrates the 
relationship of EF with the speeds of the vehicles and other variables including the 
vehicle characteristics such as vehicle category (eg., car, Light Duty Truck, Heavy 
Duty Truck, motorbike etc.) and the type of fuel used.  
Another feature of the estimated EFMED for the submicrometer particles is that the 
EFMED for both locations during the morning rush hour periods (6:30 to 8:30) are at a 
minimum compared to other periods. The explanation is that the vehicles are 
travelling slower during this period because of traffic congestion. The load on the 
vehicle engine is reduced at lower speeds, which results in reduced particle emissions. 
Add that possibly there is more petrol than diesel cars traveling at that time, but as 
discussed later, this relationship is not clear.  
In addition, far fewer larger particles, of the order of four to five magnitudes lower in 
number, are generated by vehicles as is evident by comparing the EFMED estimated for 
the submicrometer particles at Tora St with that estimated for supermicrometer 
particles (see Figure 3).The EFMED estimated for the supermicrometer particles also 
displayed a similar feature to the submicrometer EFMED, with a minimum occurring 
during the morning rush hour periods (6:30 to 8:30). The slower traveling vehicles are 
again a likely explanation, although it is possible that the reduced numbers of larger 
particles may also be related to the reduced concentrations of resuspended road dust 
particles that are disturbed when vehicles are traveling at lower speeds.   
LIDIA: Relationship between fuel consumption at different speeds and emission 
factors. Also look at curves comparing emission factors from dynamometer studies 
Emission factor estimates for vehicle of different categories  
 
Using the data from the on-road measurements, the next stage of the project was to 
provide estimates of EF for the different vehicle categories and fuel types used. Only 
limited data was available for the vehicle categories and it was necessary to develop a 
speciation model based upon this limited data but which could be applied to the entire 
dataset.  
The vehicle data collected during the measurements conducted at Tora St 
corresponded to 5 minute total vehicle flow rates (provided by Main Roads - Figure 4 
provides all of the measured total flow rates of vehicles over 24 hour periods at Tora 
St for weekdays). This is an example.  
This data was used to develop a speciation model, which could be applied to the 
entire dataset. By combing classified traffic count data with the videotape data, 
functional dependencies between time of a day (for week and weekend days) and 
classified vehicle flow were developed. Flow rates for specific time of day/day of 
week were statistically analysed in order to predict average flow for these periods of 
interest within a 95% confidence level. Vehicle flow rates were further categorised 
into diesel and petrol fuelled vehicles and the flow rates for these two vehicle 
classification for the period of interest were predicted (McGregor et al 2003). 
 
Figure 4: Total vehicle flow rates for 5 minute periods at Tora St corresponding to 
weekdays. 
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Figure 5 illustrates the vehicle categorised model for the proportion (or ratio) of 
gasoline and diesel vehicles to total vehicle population over a 24 hour period. For 
comparison the video data collected for the three weekdays are also included. 
These modelled proportions are then translated into estimated gasoline and diesel 
vehicle flow rates (see figure 6 – diesel flows) by using the total flow rates 
provided in Figure 4. 
Figure 5: Estimated gasoline and diesel vehicle ratios of total vehicle population for 
one hour averages at Tora St corresponding to weekdays, and measured vehicle 
proportions for 23 – 25 March 1999. 
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Figure 6: Estimated diesel vehicle flow rates for 5 minute periods at Tora St 
corresponding to weekdays and measured diesel vehicle flow rates for 23 – 25 March 
1999.
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A feature of the Figures 6 (and similar dependency for petrol vehicles) is the shape 
similarity of the estimated gasoline and diesel vehicle flow rates with the measured 
total vehicle flow rates provided in Figure 4. The explanation for this is that the fuel 
based vehicle flow rates are based upon one hour estimates of a modelled relative 
proportion of the total flows. It is also noteworthy that the diesel vehicle flow rates are 
considerably lower than the gasoline vehicle flow rates. 
Choice of datasets to estimate categorised EF 
It can be seen from Figures 4 – 7 that the flow rates are changing throughout the day. 
Since the EF are related to the vehicle flow rates it is expected that these factors will 
also be changing with time and therefore adding complexity to their estimation. 
Furthermore, the EF are expected to change with time because of their dependence 
upon vehicle type and speed, which are also related to the time of day of the 
measurement. Consider, for example, the period 11:00 to 15:00 for weekdays which 
were typified by consistent vehicle flow rates relative to the overall vehicle flow rate, 
(see Figure 8). The Average Vehicle EF for the entire vehicle population estimated 
from the Box Model for this period is also provided in Figure 8. 
 
Figure 8: Average Vehicle EF estimated from the Box Model for the period 11:00 
to 15:00  
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However, unfortunately a consistent vehicle flow rate does not necessarily translate 
to a consistent EF and the range of EF were from ~ 1 x 1011 to 8 x 1014 particles km-1 
for this period. Attempts were then made to further limit the range of the EF by 
eliminating the outliers for this period by employing the 95th percentile of the data 
points. The resulting EF range for the selected time period was now ~ 2 x 1013 to 8 x 
1014 particles km-1, which were more consistent than the previous range of EF. By 
careful selection of suitable time periods reflecting vehicle driving modes and 
categories, and by employing only the 95th percentile of datapoints, it was hoped that 
consistent EF would lessen the impact of the time dependent variables on the 
estimated EF for the vehicle categories.   
Estimation of EF for different vehicle types by solving simultaneous equations  
For fleet categorised into i vehicle classes this equation takes the form: 
 
 
  
)(
)()(
modemotion
0
tNEF
EF
AV
zxB WvHvtCtC
n
i
t
i
N
i


                                         [2] 
 
Where: i - vehicle type out of n types identified (for example: i = 1 for diesel bus, i 
= 2 for petrol passenger car, etc). 
EFAV has been previously estimated by the Box Model from the series of 
measurements performed in 1999 – 2000, and n is estimated as described in the 
previous section. For the reasons presented in section 6.1 it is acknowledged that the 
EF presented so far have been median values of the estimates. However, the estimates 
of EF using simultaneous equations must be presented as averages (EFAV) since it is 
not possible to derive these equations for EFMED. 
It is therefore possible to derive a series of simultaneous equations to solve for the 
unknowns EFi representing the EF of the different vehicle classes. The series of 
equations was then entered as a considerable matrix into Matlab and subsequently a 
large number of equations were then solved but a large number of the EF calculated 
were either negative or divisible by zero so an alternative approach was sought. 
Despite employing the procedure outlined in the preceding section (3.3.1) the failure 
of this approach was thought to be related to the fact that the supposedly independent 
variables – n or the number of vehicles in each class are not, in fact, independent.  
The simultaneous equations were subsequently solved for just these two categories 
for the entire datasets, and equation ?? took form: 
 
EFAV       =     ngas* EFgas+ndiesel * EFdiesel                                                     [8] 
ntotal 
 
Figures 9 and 10 provide results for submicrometer (Tora St and Ipswith Rd) and 
supermicormter particles (Tora St) in terms of emission factors for diesel, petrol and 
all vehicles (for comparison).   
 
Figure 9 Estimated average (?) number emission factors for submicrometer 
particles for gasoline and diesel only vehicles and for all traffic measured at Tora St 
and Ipswich Rd. STEVE: add error bars I DO NOT HAVE THE DATA AVAILABLE 
HERE BUT DID I NOT INCLUDE THE ERROR BARS IN THE REPORT. VERTICAL 
AXIS ALSO NEEDS REVISING  
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Figure 10 Estimated average (?) number emission factors for supermicrometer 
particles for gasoline and diesel only vehicles and for all traffic measured at Tora St  
STEVE: ADD graph 10 (data below):  for supermicrometer particles – include error 
bars DATA NOT AVAILABLE HERE. ALSO POSSIBLY IN NEED OF AN 
EXPLANATION OF LOWER ALL MEF vs AEF INDIVIDUAL VEHICLE TYPES  
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EF of gasoline vehicles :    2.59 x 109 particles km-1 
EF of diesel vehicles :     1.53 x 1012 particles km-1 
The median EF (EFMED) estimated by the Box Model for this period was  
EFMED of total vehicle fleet : 1.48 x 109 particles km-1 
 
Vehicle emission factors reported in literature vary significantly. This is due to 
several factors, mainly the different types of vehicles tested (various model, make, 
mileage), differences in the test conditions (load, speed, driving mode) and different 
measuring methods applied. Figure 11 (MILAN: update) presents comparison of 
measured and literature reported number emission factors. It can be concluded that in 
general the emission factors determined from this study are well comparable and 
consistent with the results from dynamometer and other on-road studies available 
from the literature.  
 
 
Figure 11. Comparison of measured and literature reported number emission 
factors. 
LIDIA: Add advantage of this study: 
Emission factors of a large fleet quantified through an extensive campaign 
In depth exploration of the method; its advantages, limitations and boundaries   
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